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Abstract
The paper presents a simulation tool designed to predict form errors of part surfaces obtained by face milling
and turning processes. For these operations, the form error is often due to the 3exibility of the workpiece and
its supports. The &nite element method is adopted to model the part geometry and to compute its deformations.
Numerous load cases are required to obtain the form error so that classical resolution methods prove to be
ine8cient (CPU time, memory and disk space). The paper mainly focuses on the special computation scheme
adopted in order to improve the resolution of such an atypical problem.
c© 2003 Elsevier B.V. All rights reserved.
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1. Introduction
Simulation tools proved to be essential during the design phases of manufacturing operations. Costs
and time may be signi&cantly reduced by avoiding try and error steps. In the &eld of machining,
some commercial codes provide solutions for speci&c problems such as NC programming (Catia,
NCSimul), dynamic aspects (CutPro), cycle optimization (Vericut), etc. Few codes are designed to
predict the form error of machined surfaces although the form error prediction seems essential in
process planning phase.
1.1. Machining simulation
In a general way, the part form error is due to the deformations of the whole kinematic sys-
tem (machine-tool, tool, part) during the cutting operation. Most research works consider a rigid
part although the part 3exibility is often the main cause of form error. Among the few works
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taking the part 3exibility into account, let us cite the following ones. Kops et al. [4] study the
cylindricity error of bars. They use an analytical model which takes into account the part and the
&xation system 3exibility. Shulz and Bimschas [10], Gu et al. [2] use the &nite element method
to predict part form error in face milling and turning operations. They consider the static tool–
workpiece–&xation system deformations. Liao [6] studies both static and dynamic workpiece
responses.
1.2. Form error prediction
Although this is not clearly stated by the authors, the main problem is the computational cost.
In fact, the workpiece geometry has to be modeled with large 3D &nite element meshes. The form
error simulation requires a large number of load cases. For industrial applications, even a single
simulation takes a long time. But the purpose of a machining simulation tool is to test several process
settings(tools, &xation designs, cutting conditions, etc.). Therefore a special care must be brought to
achieve the smallest possible simulation time. This paper focuses on the numerical methods adopted
to meet this requirement.
2. Model of form error computation
2.1. Hypotheses
In the present work, the tool and machine-tool are supposed to be rigid. The form error comes
only from the elastic part deformations due to the loads applied by the tool and the clamping
devices. The &nite element analyses are performed under linear static hypotheses. In milling, Liao
[6] shows that, when the tooth entering frequency is su8ciently far from the natural frequencies of
the workpiece–clamping system, the dynamic response contribution remains small compared to the
static one.
Residual stresses and thermal eIects are not considered in the present research. It has to be
mentioned that, in cylinder boring operations, Kakade and Chow [3] demonstrate that thermal de-
formations greatly contribute to form error. However, for face milling and turning operations and
for standard materials (steels, cast irons, aluminum, etc.), thermal eIects are usually much smaller.
Schulz and Glockner [11] measure a part temperature increase of only 20◦C during the milling
operation of a cast iron workpiece.
2.2. Principle
During the cutting process, the part is deforming under the loads applied by the tool and the
&xation devices. The defect of any point of the machined surface is produced when the tool is
cutting it. At that moment, if we denote u the point displacement normal to the machined sur-
face, the point defect simply equals −u. The displacement of a surface point can be positive (to-
wards the tool) or negative, the height of removed material being respectively greater and lower
than the desired one. The form error is due to the defect variation along the whole machined
surface.
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Fig. 1. Releasing form error.
Fig. 1 illustrates this principle. Before machining, the part is deformed by the &xation de-
vices. The surface produced by the tool is plane. When the clamps are released, the surface is
no longer plane due to the elastic spring back of the workpiece. Deformation and surface error
go in opposite directions. In this work, this principle is adapted to a &nite element method ap-
proach. The defect is computed at the n nodes of the mesh surface corresponding to the machined
surface.
So, n load cases are applied on the &nite element model to obtain the n nodal defects and &nally
the machined surface error (Fig. 2). For large models, the load case number can reach a few
thousands. Classical resolution methods provided by &nite element codes are not well suited to solve
such problems.
2.3. Model implementation
The part geometry is modeled with a volume element mesh. As a given amount of material is
removed by the tool during the process, the geometry is constantly changing. Schulz and Bimschas
[10] consider the exact geometry at each tool position using a CAD/automatic mesher procedure. We
think this solution is far too complex and too expensive for an e8cient simulation tool. So, we use
a single &nite element model corresponding to the workpiece geometry after the cutting operation.
The resulting error is usually small since we mostly consider &nishing passes where the depth of
cut is small. The &xation device 3exibilities are modeled with linear stiIness elements. The stiIness
values can be obtained from experiments or by numeric simulations. The most usual &xation system
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Fig. 2. Method principle.
is the clamp/support. The loads applied by the &xation devices are taken into account by applying
nodal forces or pressures.
In the present method, the following steps are carried out to obtain the form error of a machined
surface for a given workpiece and for a given process setting (tool, cutting conditions, &xation
design):
(1) The n tool positions are computed;
(2) For each tool position, the cutting forces are computed and applied on the surface mesh. The
loads applied by the &xation devices do not vary with the tool position;
(3) The n deformed structures are computed;
(4) The surface error is obtained by picking the displacements of the n cut nodes among the results;
(5) Finally, the eIective machined surface form error (3atness, cylindricity) is computed thanks to
a specialized algorithm developed by Debongnie and Masset [1].
More details on the developed model can be found in previous works [7,8]. The aim of the present
paper is to describe the numerical problems that occur when the n deformed structures are computed.
Let us check &rst how a standard commercial &nite element code (Samcef [9]) behaves on this task.
3. Finite element analysis
3.1. Direct method
The direct method consists in solving directly the system with n load cases
Kq= g; (1)
where K is the stiIness matrix, q are the degrees of freedom and g is the load vector. Three
solvers are available in Samcef for linear problems: a classic frontal solver, a multi-frontal solver
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Table 1
Direct method requirements
Camshaft cover Suspension arm
Time (s) [h m s] 1773 [29 m 33 s] 3957 [1 h 5 m 57 s]
Memory (Mb) 402 530
Disk space (Mb) 5717 7983
Fig. 3. Camshaft cover.
and an iterative solver. The iterative solver is obviously not adapted to multi-load case problems.
The performances of the two other ones are tested on a standard computer (Athlon 1:2 GHz with
1:5 Gb of physical memory) running Windows NT and Samcef version 8.1. Table 1 shows the
direct method requirements with the frontal solver on two medium sized &nite element models.
(Figs. 3–5) It has to be mentioned that larger models (Figs. 6–8) cannot be solved with the direct
method because the required memory is too high.
As expected, time and storage values are high. The &nite element code is spending a lot of time
in disk access. The &le sizes depend on the system size and almost linearly on the load case number.
For bigger models, storage size quickly exceeds the capacity of standard computers. Amazingly, the
memory seems to increase a lot with the load case number. Fig. 5 shows the memory required for
the three computation steps of the frontal method as a function of the load case number. For scaling
and condensation steps, the behavior looks quite normal: memory increases slowly with the load
case number.
For the back-substitution phase, the slope is much higher. The reason is that the whole second
member of Eq. (1) is stored in memory for this phase although there is no real reason for that,
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Fig. 4. Suspension arm.
Fig. 5. Memory required.
except a simpli&ed programming scheme. For the classical applications of the &nite element method,
the load case number seldom exceeds a hundred. So, storing the whole second member is not a
problem. For huge models with thousands of load cases, the required memory exceeds the limits
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Fig. 6. Exhaust manifold.
Fig. 7. Gear box cover.
of any standard machine. The multi-frontal solver exhibits the same problem. Obviously, Samcef
code has not been designed to solve high load case number problems. The same statement probably
applies to most commercial &nite elements codes.
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Fig. 8. 4-cylinder engine block.
3.2. Superelement method
The problem to solve presents some speci&c characteristics
• only the displacements of the machined surface nodes are necessary to obtain the surface error;
• loads are only applied on these nodes and a few additional nodes where the clamping forces act.
Most of the system degrees of freedom are not used in the frame of surface error prediction. The
super-element method oIers a convenient way to reduce the system size by condensing the inactive
degrees of freedom. If the nR retained degrees of freedom are denoted qR and the nC condensed
ones qC, Eq. 1 can be written[
KRR KRC
KCR KCC
][
qR
qC
]
=
[
gR
0
]
; (2)
since there are no loads applied on condensed degrees of freedom qC. This leads to the reduced
system
[KRR − KRCK−1CCKCR] qR = gRK∗RRqR = gR : (3)
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Table 2
Superelement creation requirements (∗ optimum memory size for the multi-frontal solver, ∗∗ memory actually allocated)
Camshaft cover Suspension arm Gear box cover Exhaust manifold 4-cylinder block
Total dof 39,075 121,749 117,810 188,031 329,187
Retained dof 2511 1947 5403 3141 6240
Time (s) [h m s] 29 85 [1 m 25 s] 221 [3 m 41 s] 138 [2 m 18 s] 2410 [40 m 10 s]
Memory∗ (Mb) 151.6 309.4 755.7 521.5 3209 (987∗∗)
Disk space (Mb) 138 364 567 604 1028
Table 3
Superelement utilization requirements
Camshaft cover Suspension arm Gear box cover Exhaust manifold 4-cylinder block
Load cases 1330 564 1724 1018 2027
Time (s) [h m s] 370 [6 m 10 s] 97 [1 m 37 s] 2287 [38 m 7 s] 450 [7 m 30 s] 3617 [1 h 0 m 17 s]
Memory (Mb) 83 40.7 254.9 88.8 502.6
Disk space (Mb) 368.8 134.7 1115 382 1508
The &rst step of the superelement method is the superelement creation, i.e., the creation of reduced
system. The machined surface nodes and all the nodes where boundary conditions are speci&ed (or
could be speci&ed in a future simulation) are retained. The characteristics of this phase with the
multi-frontal solver are given at Table 2. Even for very large models such as the 4-cylinder engine
block, the superelement creation works perfectly well.
Once the superelement is created, the next step is the superelement utilization, i.e., applying
the boundary conditions and solving the reduced system (3). Here, we &nd again the Samcef
drawbacks of solving a multi-load case problem but they are lowered. The characteristics of su-
perelement utilization step with the multi-frontal solver are given at Table 3. The storage space
and computation time are acceptable. The memory required depends upon the load case number
and the superelement size. In the frame of a superelement utilization in Samcef, the superele-
ment is considered like any other element. Thus its stiIness matrix has to be stored completely in
memory.
When the performances of the direct and superelement methods are compared, one can clearly see
the advantages of the superelement method. Another advantage of this method is that the boundary
conditions can be modi&ed without creating a new superelement so that several &xation designs can
be tested with only the cost of the superelement utilization.
However, the computation time is still high. For example, if one planes to test &ve diIerent
tools on the 4-cylinder block case, it will take approximately 5 h. The simulation remains unattrac-
tive, especially in an industrial environment where the response time needs to be as small as
possible.
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Table 4
StiIness matrix inversion with the Cholesky algorithm
Camshaft cover Suspension arm Gear box cover Exhaust manifold 4-cylinder block
Matrix size 2511 1947 5403 3141 6240
Time (s) [h m s] 98 [1 m 38 s] 45 [45 s] 978 [16 m 18 s] 192 [3 m 12 s] 1506 [25 m 6 s]
Memory (Mb) 48 29 223 75 297
3.3. Sti5ness matrix inversion
As the size of the stiIness matrix K∗RR is limited, the computational cost for the inversion is not
too high. This way, we obtain an explicit form of the reduced system (3), i.e.,
qR = K∗RR
−1 gR : (4)
The stiIness matrix K∗RR obtained by the condensation scheme (3) is a full matrix. So, there is no
need to use complex inversion algorithm such as the skyline method. In the present work, we have
adopted the Cholesky factorization method. The algorithm is part of the Lapack subroutine library
[5]. The inversion time is a cubic function of the matrix size nR. For the 4-cylinder engine block,
the inversion takes about half an hour (Table 4). Even if K∗RR is symmetric, we use a fast Cholesky
algorithm that stores the complete matrix in memory, the machine memory limit (1:5 Gb) allowing
a maximum matrix size of about 14; 000× 14; 000.
Once the stiIness matrix K∗RR is inverted, the time to obtain one simulation result (Eq. (4)) is
very small, the order of a second. Actually, the solution requires only a matrix multiplication which
is very cheap if we take into account the numerous zeros of the load vectors gR.
Thanks to the combination of the superelement method and the reduced stiIness matrix inversion,
the whole simulation becomes very attractive. The superelement creation needs to be performed only
one time for a given part. Then, each diIerent &xation of the part requires only a relatively small
matrix inversion. Finally, for each &xation design, numerous simulations (tools, trajectory, cutting
conditions) can be performed within a few minutes.
4. Application
The following application illustrates the typical use of the simulation tool. It is the &nishing
operation of an exhaust manifold. The part is made of cast iron and face milled with a 315-mm
tool with 50 inserts. The initial &xture design consists in clamping the four pipes (Fig. 9). For this
design, we obtain a 3atness error of about 56 m.
Since the 3atness is smaller than the imposed tolerance (200 m), we can look for a lighter &xture
system that oIers the advantage of a smaller setup time. If we remove the clamping of the two inner
pipes (Fig. 10), the obtained 3atness is about 300 m. To reduce it, we can set a smaller feed rate
when milling the two inner pipes, 400 mm=min instead of 800 mm=min. Like that, the 3atness equals
206 m while the machining time increases from 33 to 57 s.
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Fig. 9. Initial &xture design.
Fig. 10. Modi&ed &xture design.
5. Conclusion
In process planning phase, the ability to predict form errors of machined surface is mandatory
to limit the experimental tests. Several process con&gurations need to be simulated in order to
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&nd the best possible ones. Therefore, simulation tools must be as fast as possible. Thanks to the
superelement method, the developed tool reaches this goal. Even for huge industrial applications, the
total simulation time does not exceed a few hours.
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